Nanocrystalline Fe-Cu-Si-B alloys with grain sizes in the range 25-90 nm were obtained by crystallization of the amorphous alloy. The results of M6ssbauer spectroscopy showed that, owing to the presence of a large number of interfaces which were thought to lack ordering as well as interface expansion, the Fe atoms in the interfaces show a wide distribution and a low s-electron density, which is manifested in large values of the half-linewidth (HLW) and isomer shift (IS). Microhardness measurements indicate that the variation in microhardness of nanocrystalline Fe-Cu-Si-B alloys with respect to the average grain size is in good agreement with the variations in HLW and IS.
Introduction 2. Experimental details
Structurally, interfaces have become an important component in addition to the crystallites in nanocrystalline alloys, which distinguishes them from normal coarse-grained metals and traditional metallic glasses. The interfacial structure of nanostructured materials has been studied by X-ray diffraction (XRD) [1, 2] . M6ssbauer spectroscopy (MES) [3] , positron annihilation (PA) [4] and high-resolution electron microscopy (HREM) [5] etc. Gleiter and co-workers claimed that the atomic arrangement in the interfaces exhibits neither long-range nor short-range ordering and the atomic spacings show a wide distribution in the interfaces. This special structure is expected to produce many novel properties and has drawn much attention in the field of materials science and engineering.
The crystallization of amorphous solids has been used to synthesize nanocrystalline alloys [6, 7] , called "the crystallization method". Because it can be applied to prepare a large variety of nanostructured alloys with various grain sizes by modifying the heat treatment conditions, this method is widely used.
In this study, we undertook an investigation of, the distribution of metalloid atoms and the interfacial structure of nanocrystalline Fe-Cu-Si-B alloys using transmission M6ssbauer spectroscopy (TMES). Nanocrystalline Fe-Cu-Si-B alloys were obtained via crystallization of amorphous ribbons with the same composition.
Amorphous (Feo.99Cuo.ol)78Si9B13 (in atomic per cent) ribbons were prepared by the melt spinning technique on a single copper roller. The amorphous nature of the as-quenched sample was confirmed by XRD and transmission electron microscopy (TEM).
The subsequent crystallization annealings were performed in a large tubular furnace under an argon stream, the temperature of which was controlled within + 3.0 K. The furnace was heated to the required temperature in advance, and after finishing annealing the as-annealed samples were immediately extracted from the furnace.
TMES experiments were carried out using an FH-198 computerized Mfssbauer spectrometer with a 57Co source. The M6ssbauer spectra of the asannealed samples were recorded at room temperature.
Results and discussion
The as-quenched Fe-Cu-Si-B alloy was characterized by a differential scanning calorimeter (PerkinElmer, DSC-2). Two exothermic peaks were observed at 796 and 833 K during heating up at 20 K min-1.
The as-quenched ribbons were isothermally annealed over the temperature range 763-913 K for 1 h. The as-annealed samples were monitored by XRD and TEM. The fully crystallized state was confirmed for all as-annealed ribbons, a-Fe(Si) (b.c.c. structure) and Fe2B (b.c.t. structure) phases were noticed throughout the whole heat treatment. The average grain size was directly determined from TEM observations and its temperature dependence is summarized in Table 1 .
3•1• Distribution of metalloid atoms in nanocrystalline
Fe-Cu-Si-B alloys Figure 1 shows a Mrssbauer spectrum of sample A, which can be well fitted using five sets of subspectra, corresponding respectively to a-Fe(Si) and Fe2 B phases in ref. 8 . The fitted results are presented in Table 2 . Owing to the solubility of Si atoms in the b.c.c. Fe lattice, the spectrum of the a-Fe phase is split into four sets of subspectra with various Fe coordinations. In Table 2 , IS and SQ represent respectively the isomer shift (which is relative to the center of ct-Fe) and quadrupole splitting.
Both XRD and TEM show that there is no trace of phases such as FeSi, Fe3Si etc. containing Si atoms, except a-Fe(Si) solution, in the crystallized samples, and hence we infer that all Si atoms are dissolved in the b.c.c. Fe lattice. The crystallization process of the amorphous Fe-Cu-Si-B alloy can be expressed as
In the above equation the influence of copper atoms is omitted because of the relatively low concentration of copper, ff the difference in recoil-free fractions of the two phases is ignored, and because the content of Fe atoms in the FezB phase is about 21.7% of all Fe atoms in sample A from 
The above result suggests that about 4.5% B atoms are dissolved in b.c.c. Fe. However, it was reported [9] that the solubility of B atoms in a-Fe is less than 0.01 at.%. So we infer that these B atoms aggregate in the interface boundaries. B atoms therefore exhibit two states in sample A: 8.5% is in Fe2B, and the remaining 4.5% segregates to the interfaces.
However, grain growth fails to change the characteristics of the segregation of B atoms in the interfaces. For example, in sample E, the content of Fe atoms in Fe2B is 24.8%. From eqn. (2), it can be calculated that x = 9.7, giving 3.3% B atoms in the interfaces. As a result, it can be concluded that the character of the segregation of B atoms in the interfaces remains throughout the entire experiment. Table 3 compares the half-linewidth (HLW) and isomer shift (IS) of samples A and E. For the a-Fe(Si) phase, HLW of sample A is larger than that of sample E. When the grain size increases up to 90 nm, the HLW decreases rapidly• The variation in IS enjoys the same trend with grain growth. However, HLW and IS show almost no change in the Fe2B phase as the average grain size increases.
2. Interface effect of nanocrystalline Fe-Cu-Si-B alloys
The rapid increase in both HLW and IS with decreasing grain size can be explained by the existence of a large number of interfaces in the ultrafine-grained samples. First, Gleiter and co-workers claimed that the interfacial atoms in nanocrystaUine materials exhibit neither long-range nor short-range ordering, which broadens the distribution of hyperfine magnetic fields of Fe atoms in the interfaces and hence leads to a large HLW. At that time, the interface component could not be fitted by a unique parameter. Second, owing to the interface expansion in volume as a result of random distribution of Fe atoms, which can also be supported by the fact that a nanocrystalline alloy always has a lower density than the corresponding coarse-grained counterpart, the s-electron density of Fe atoms is significantly increased. According to the relationship between IS and the s electron density [10] IS--(4/5):rZe2{
where [~p(0)[A 2 and I~p(0)ls 2 are the densities of the s-electrons at the nucleus of the absorber and the source respectively, A R/R is the deviation in nuclear radius going from the excited to the ground state and AR/R < 0. The decrease in the density of s-electrons at the nucleus of the absorber can give rise to an obvious increase in the isomer shift IS. In view of the above analysis, the changes in IS in Table 3 can be easily understood.
In the a-Fe(Si) phase, however, the interface effect is more pronounced in subspectra with lower Fe coordination numbers than in those with higher Fe coordination numbers. There are two possible reasons for this. One is the aggregation of B atoms in the interfaces, which is expected to lower the hyperfine magnetic field of the interfacial component. The other is the lower Curie temperature of the interfaces [3] . However, HLW and IS of the FezB phase are not significantly affected by the interfaces. IS and HLW of 4FeNN show a significant dependence on the average grain size, as shown in Table 4 . Since the volume fraction V~ of interfaces is proportional to the reciprocal of the average grain size, i.e. V i = 3 6/13 where 6 is the average thickness of the interface boundary and/) is the average grain size, the increase in grain size results in a rapid decrease in the interface fraction, and hence gives rise to an obvious decrease in HLW and IS (see Table 4 ).
From the above discussion, we see that the interfacial structure differs significantly from that of the crystal. As a result of the interface contribution, both the HLW and IS of subspectra with lower Fe coordination numbers are increased significantly. Compared with the results in ref. 3 , our results show that the interfacial component fail to separate from the crystal under the experimental conditions. Also, the maximum IS is much lower than the value given in ref. 3 , which is 1.6 mm s-~. This may arise from differences in the chemical compositions and preparation methods of nanocrystalline materials between this work and ref. 3 . Table 4 compares the results of HLW and IS of 4FeNN with the microhardness of nanocrystalline Fe-Cu-Si-B alloys. Clearly, the variation in Hv vs. 13 is in good agreement with those of HLW and IS of 4FeNN, showing that the microhardness is mainly due to the interface contribution. In the sample with smaller grain size, the interface fraction is quite high and deformation by dislocation pile-up is quite hard, so the alloy is strengthened.
